Introduction
There is broad scientifi c consensus that global temperatures are increasing due to anthropogenic emissions of greenhouse gases (GHGs). 1 , 2 In the United States, the transportation sector accounts for 28% of the total energy consumed and 72% of petroleum usage. This accounts for about a third of the United States' GHG emissions. 3 Light-duty vehicles in the United States were responsible for the equivalent of 1514 million metric tons (MMTs) of carbon dioxide (CO 2 ) GHG emissions in
REVIEW DISCUSSION POINTS
• This paper assumes that greenhouse gas (GHG) reduction required by the light-duty transportation sector will be the same as the overall GHG reduction target. It may be that different sectors have different reduction targets resulting in an overall 80% reduction. This paper does not address this point.
• One implication of this paper is that the country will need a large shift to low-carbon fuels and energy sources. This paper does not address the cost of such a shift. This is a big deal that needs to be discussed but I choose not to try to cover it in this paper. My goal was to say, if we are serious about an 80% reduction this is what it means.
• This paper sets a GHG target based on 2050 vehicle kilometers traveled (VKT) projections. This is a very uncertain number and changes from year to year. Although the exact number calculated in this article will change with changes in this projection, the intent of this article is to give an order-of-magnitude picture of the sustainability problem in light-duty transportation. This overall picture does not change with year-to-year adjustment of businessas-usual VKT projections.
• Connectivity and automation have the potential to radically change VKT. We address this qualitatively in the last section of this paper, but acknowledge that rapid changes in this space over the next several decades could happen. A number of reports have been written on the potential of future technology to meet future GHG emissions targets. 4 , 8 -14 A joint report by the National Renewable Energy Laboratory (NREL) and the U.S. Department of Energy (DOE) shows scenarios by which very deep GHG reductions, 80-100%, could be possible by 2050. 10 This report builds off the earlier NREL-led Transportation Energy Futures studies. 9 , 14 The National Research Council has also issued a number of reports on the potential to make signifi cant reductions in fuel consumption and transition to alternative energy transportation. 4 , 11 , 12 The potential for reducing energy consumption in vehicles with gasoline-based internal combustion drivetrains is investigated fi rst. It will be shown that it is unlikely that these efforts alone will be suffi cient to meet GHG emission-reduction targets. Next, the report will look at what additional benefi ts are possible through the adoption of alternative energy sources. These will be examined in the context of three possible on-vehicle energy carriers: carbon-based fuels, hydrogen, and batteries. Each of these has associated potential for additional drivetrainbased reductions in energy intensity (EI) and corresponding carbon intensity (CI).
With a combination of drivetrain effi ciency improvement and alternative energy sources, it is possible to meet the GHG reduction targets, but a diffi cult and capital-intensive transformation of the energy generation systems will be required, making it a challenge to meet the goals in the necessary timeframe. The last section of this report looks at what transformation, enabled by ever-increasing levels of connectivity, may be possible to more quickly change the demand for transportation.
Vehicle-level targets
In this section, the 80% national-level GHG reduction targets are brought down to the vehicle level, using as a baseline the 2005 light-duty GHG emissions of 1514 MMT CO 2 equivalent. An 80% reduction from this number results in a 2050 budget of 303 MMT. 5 The Energy Information Agency projects that light-duty vehicle travel in the United States will reach 5.7 trillion kilometers per year in 2040. 3 Its projection does not extend out to 2050, but the trend it predicts is very linear, with a growth rate of about 57 billion kilometers per year. For the purposes of setting a 2050 GHG emissions-per-unit distance-driven target, it is assumed that vehicle-kilometers traveled (VKT) continue to increase at this rate for the decade between 2040 and 2050. This provides a baseline estimate for VKT in 2050 of 6.3 trillion kilometers. Dividing the GHG budget allowable in 2050 with the projected VKT gives a wells-to-wheels (WTW) GHG emissions target of 48 g/km.
The objective, then, is to identify sets of technologies that can achieve this goal by 2050. A variety of WTW analyses have been performed for light-duty vehicles. 15 -17 In general, these analyses show that there are potential technology pathways to 48 g/km. The identified solutions generally fall into one of three different powertrain pathways: battery electric vehicles (BEVs) powered by low-carbon electricity, hydrogen fuel cell vehicles fueled by low-carbon hydrogen, and internal combustion engines (ICEs) fueled with biofuels.
Looking at the results of the WTW analyses, it can be difficult to tell whether the GHG emission numbers are due to the energy consumption of the vehicles or the carbon content of the energy source powering the vehicles. To get more insight into the nature of technologies needed to get achieve the desired GHG emission rates, it is useful to separate WTW emissions into vehicle and fuels components. This is done using a generalized Kaya identity, 18 which factors WTW emissions into the EI of the vehicle and the CI of the fuel. The WTW emission is the product of these two numbers.
(1)
In this expression, EI is amount of energy on average that must be delivered to the vehicle per unit distance the vehicle travels in units of kilowatt-hours per kilometer. The CI is the total amount of GHG emissions emitted to deliver a unit of energy to the vehicle. This includes tail-pipe emissions on the vehicle as well as upstream emissions, expressed in units of grams CO 2 equivalent per kilowatt-hour.
Plotted on a graph of EI versus CI, any WTW emissions target will be a hyperbola. Figure 1 shows a plot for a target of 48 g/km. In this fi gure, the vertical axis is EI and the horizontal axis is CI. Moving down and to the left of this graph, vehicles become more effi cient, and energy sources become more sustainable.
To understand the magnitude of this target, the current status of light-duty vehicles in the United States must be known. In this fi gure, the 2009 average EI and CI of light-duty vehicles in the United States are also plotted, shown as three crosses. The lower cross represents light-duty cars with an average fuel economy of 23.5 miles per gallon. The top cross represents light-duty trucks with an average of 17.3 miles per gallon. The middle cross is the average of these two weighted by total VKT. 19 These have been converted to kilowatt-hours per kilometer using the conversion factor 33.7 kW h/gallon of gasoline equivalent (gge). 20 All three are plotted at the CI of gasoline, 332 g CO 2 per kW h. 4 In the rest of this paper, the potential to reach 48 g/km is next reviewed in three steps. First, the potential to reduce vehicle EI is examined; second, the potential to reduce the CI of vehicle energy sources is examined; and third, the impacts of connectivity and automation on the evolution of the transportation system are examined. This has the potential to improve the effectiveness of the transportation system in general. The improvement can take on many forms that could impact CI, EI, and VKT.
It should be noted here that there is a significant time lag between the development of a technology and deployment of this technology in suffi cient volume to infl uence fl eet averages. This is because it takes a signifi cant amount of time to turn over the vehicle fl eet.
Note that in the summary of WTW analysis reported above, 2035 technology estimates are targeted rather than 2050 technology estimates. The targets for 2035 technology are used because of the time it takes to turn over the vehicle fleet. The light-duty fl eet in the United States is roughly 240 million vehicles. Light-duty sales in the United States fl uctuate with the economy, but are typically in the range of 16 million vehicles per year, 21 so the time scale required to replace the U.S. fl eet of light-duty vehicles is about 15 years. Therefore, to meet a 2050 fl eet average target, industry needs solutions that can begin to be sold in high volumes by 2035. For this reason, 2035 technology projections for EI and 2050 CI projects are compared against 2050 GHG targets.
Reduce the energy intensity of the vehicle
To put EI reduction into context, fi rst a simplifi ed model of energy fl ows in a vehicle is built. This provides a framework for various energy-reduction strategies. The simplifi ed vehicle model is shown in Fig. 2 and is based on a model used by Sovran and Blaser. 22 In this model, EI is the sum of the energy per unit distance driven that goes to the wheels ( E W ), auxiliaries ( E A ), and parasitic losses ( E P ). In addition, there are losses due to ineffi ciencies in the prime mover (traditionally an engine, but it could also be a fuel cell system or a battery) and the drivetrain. The effi ciencies of these are given by η PM and η DT , respectively. For an ICE, the prime-mover effi ciency is usually referred to as the indicated effi ciency of the engine. This is a purely algebraic model, defi ned by Eqs. (2) -(4) .
The energy at the wheels is evaluated by integrating the wheel power equation with respect to time. When the wheel power is positive, the vehicle must provide tractive energy ( E TR ). When the wheel force is negative, the vehicle must shed excess energy ( E BR ). Some of this energy is lost through air or tire resistance. The rest is dissipated as heat in the brakes or powertrain. Some fraction ( ξ ) of the otherwise lost energy can be recovered through regenerative braking if the vehicle is equipped with such a system. The energy required at the wheels depends upon the acceleration and velocity of the vehicle. The velocity and acceleration of the vehicle as a function of time are known as the drive trace. For any given drive trace, the wheel energy is a simple function of three design parameters of the vehicle and integrals of the drive trace. 22 -24 In this paper, the relationships from Sovran and Blaser for tractive and braking energies are used for the U.S. Environmental Protection Agency highway/city combined cycle 25 shown in Eqs. (5) and (6) .
In these equations, C d is the coeffi cient of aerodynamic drag, and A is the frontal area of the vehicle. These two parameters always appear together and can be thought of as a single vehicle parameter, C d A . The mass of the vehicle is given by M , and C rr is the coeffi cient of rolling resistance.
In this model, a vehicle is defi ned by only eight parameters. For comparison, two baseline vehicles will be used. These are not based on any specific vehicles, but are generally typical of new 2015 vehicles and consistent with losses in real vehicles. 26 The parameters defi ning these vehicles are given in Table 1 .
Before looking at specifi c EI reduction opportunities, it is worth looking at the theoretical limits of EI reduction. If it is assumed that vehicles have no auxiliary loads, perfect energy conversion, and perfect regenerative braking, and must drive the same drive traces used today, the theoretical minimum of EI is given by Eq. (7) .
Assuming that these vehicles use gasoline as fuel, what set of vehicle parameters could theoretically meet 2050 GHG targets if they had perfect energy conversion and perfect energy recuperation and required no energy for auxiliaries such as climate control, lighting, and entertainment? Given the CI of gasoline, the EI required is 0.143 kW h/km. Inserting this EI into Eq. (7) and solving for the vehicle mass, the expression for the allowable mass of a theoretically perfect vehicle as a function of C d A , and C rr is given in Eq. (8) .
Typical values of C d A range from 0.4 m 2 for very small, aerodynamic vehicles up to 1.6 m 2 for large, boxy SUVs. Values of C rr range from 0.008 to 0.017. 23 The maximum allowable mass to meet the theoretical minimum EI as a function of typical values of C d A for three different values of C rr is plotted in Fig. 3 . This graph illustrates a couple of notable points. First, the acceptable mass is a very strong function of C d A and C rr . The left side of the graph represents very small profi le, very aerodynamic vehicles. From this graph, it is apparent that these vehicles could be fairly massive and meet the GHG targets. In fact, the mass limits on this side of the graph are large enough that it seems quite likely that, even after adjusting for energy conversion and parasitic losses, a small, aerodynamic car that would meet 2050 GHG targets on gasoline could be designed. Moving to the right on this chart, more typical sedans appear at approximately C d A = 0.7 m 2 , smaller SUVs around 1.2 m 2 , and large SUVs and pickups around 1.6 m 2 . Moving to the right, the allowable mass becomes much smaller very quickly. For sedans, it is still theoretically possible to meet GHG limits using gasoline, but it would be very diffi cult. Further to the right, for larger vehicles, meeting GHG emissions using gasoline will require signifi cant mass reduction.
This should not be interpreted to mean that vehicle efficiency improvement measures are not important. In fact, these are among the most cost-effective means of reducing GHG emissions. The relative impact of mass reduction, aerodynamic improvement, and rolling resistance reduction depends upon the drive cycle.
There are several types of design changes that can reduce the EI of a vehicle. Potential reductions in vehicle EI in two broad classes of reduction independent of the type of powertrain, which will apply to all vehicle types, and EI reductions specifi c to powertrain types are examined. The powertrain-specifi c opportunities are segregated into four powertrain types: ICE, hybrid electric (HEV), fuel cell electric (FCEV), and BEV. To illustrate the effects of potential vehicle actions, a simple energy flow model is built, and the potential to improve EI between now and 2035 is examined. Estimates of the magnitude of these potential vehicle improvements are taken from a wide range of sources. These values are not predictions, but should be taken as estimates of what is possible. In most cases, values for vehicle EI improvements are selected consistent with mid-term estimates of the 2013 National Research Council report. 4 
Mass reduction
Historically automobiles have been made of about 75% low-carbon steel. This percentage was pretty consistent from the early 1900s through the mid 1970s. In the period from 1977 through 2007 the fraction of low-carbon steel dropped from about 75% to about 62%. 27 Mass reduction is achieved by replacing heavy steel components with components made of less dense metals, plastics, or composites.
High strength steels and advanced high strength steels are steel alloys with higher yield strength than traditional steels. Although the density of high strength steel is essentially the same as conventional steel, because of its higher strength automotive components can be redesigned to achieve the same function with less steel. Due to its higher strength, forming and joining of high strength steel is more diffi cult than low-carbon steel. 28 Aluminum alloys have about 40% the density of steel. The use of aluminum in automobiles has increased from about 5% in the 29 Increasingly aluminum is also being used for sheet panels. In 2014 Ford Motor Company produces a full sized pickup truck with an all aluminum body that is 15% lighter than their previous model. 30 Magnesium is the lowest density metal used in automotive applications. The density of magnesium is about 30% lower than aluminum and 75% less than steel. Although it has lower modulus, strength, and hardness than aluminum it has some manufacturing advantages over aluminum. 31 Currently magnesium components only make up a very small fraction of vehicle composition. 29 Carbon fi ber composites have more strength and low density. As such they have potential to replace structural components in vehicles. To date cost and manufacturing speed have limited these to low-volume niche vehicles.
In the near term (2020-2030), it is estimated that vehicle masses can be reduced by up to 20%, resulting in a 12-16% reduction in fuel consumption and a similar reduction in GHG emissions. 4 , 11 , 29 Larger mass reductions may be possible in the longer term, but these larger reductions will require signifi cant redesign of the vehicles and may require the widespread adoption of active crash-avoidance technology. A 20% mass reduction is used here.
Rolling resistance
Reduction in rolling resistance through better tire design and materials will decrease energy consumption by 1-2% per 10% reduction in rolling resistance. This can be done without having a signifi cant adverse effect on traction or tire wear. 32 -34 Projections are that rolling resistance could be reduced by about 16% by 2030 and as much as 30% by 2050. 4 The more conservative value of 16% is used here.
Aerodynamic drag
As with rolling resistance, a reduction in aerodynamic drag of 10% will result in a 1-2% increase in fuel economy. Estimates of the potential for aerodynamic drag reduction potential for light-duty vehicles is 20-35% in the 2030 to 2050 time frame. 4 Aerodynamic drag is a function of the vehicle frontal area and vehicle streamlining. To a large extent, these are determined by vehicle styling and size and are difficult to change without affecting consumer perception. However, there are less visible actions that can be taken to improve aerodynamics.
Airflow under a vehicle is a major source of drag. Smoothing of the underbody and adjusting ride height can reduce this source of drag. Active radiator shutters can reduce drag when cooling loads allow. Wheel well covers, elimination of
// e 8 // www.mrs.org/energy-sustainability-journal side mirrors, and shape optimization all have the potential to reduce the coefficient of drag. 35 A 20% reduction in drag is used here.
Auxiliary loads
Vehicle accessories also consume energy that must be accounted for in the EI of the vehicle. Although these loads are typically small compared to the energy used for propulsion in conventional vehicles, they are generally continuous loads and can have a signifi cant impact on the EI of battery electric drivetrains. This has a signifi cant impact on the range of these vehicles. Given limited driving range of BEVs, one of the biggest barriers to BEV adoption, reducing auxiliary loads will be very important.
Major opportunities for auxiliary load reduction include improved heating, ventilating, and air conditioning (HVAC) system control and design, reduction of thermal loads through reflective paint and low-transmissivity glass, and improving ventilation. These improvements have the potential to reduce HVAC losses by about 30%. 36 Electrifi cation of power steering and other auxiliary components present signifi cant additional opportunities for reducing energy loads. Historically, auxiliary components are driven by mechanical accessory drives that are much less effi cient than electrical accessory drives. 11 An estimate of the potential for reduction of auxiliary loads is 21-25% by 2030. 4 A reduction of 21% will be used.
Energy conversion effi ciency
The largest energy losses in light-duty vehicles are from the engine, which accounts for about 68% of the fuel energy losses and represents the largest potential EI improvement. There is signifi cant opportunity to improve the combustion process and reduce losses in conventional ICEs. In addition to these improvements, hybridization provides additional opportunities to operate the engine at its highest efficiency point more of the time. The energy conversion effi ciency in vehicles that use hydrogen fuel cells or batteries as the primary power source is inherently much higher than that of ICE vehicles.
Internal combustion engine
Spark-ignited gasoline ICEs are the dominant powertrain in the U.S. light-duty vehicle fleet. Steady efficiency improvements have been made in these engines. Gasoline direct injection is replacing port fuel injection in the marketplace. As of 2014 gasoline direct injection engines accounted for 42.5% of new car sales and 30.5% of light-duty truck sales in the United States. 37 Gasoline direct injection engines are often coupled with turbocharging and downsizing to further improve engine effi ciency. Variable valve timing and cooled exhaust gas recirculation can further increase efficiency. These technological advances have resulted in improvement in energy effi ciency in recent years. 11 , 12 , 38 , 39 Figure 3. Theoretical maximum allowable mass for vehicle is perfect energy conversion, perfect regenerative braking, no parasitic losses, no auxiliary loads, and driving the EPA combined cycle.
Future powertrains can be equipped with start-stop systems that allow the engine to turn off when the vehicle is not in motion, eliminating most of the idle losses. 40 These systems allow vehicles to turn the engine off during idle conditions and restart quickly when needed. These have the effect of essentially reducing idle losses to zero. In 2014, 4.6% of new vehicle sales included this technology, which will be offered as a no-or lowcost option on a large number of models in coming years. 37 Because these systems are relatively inexpensive and likely to be widespread by 2035, their benefit as a potential solution for conventional ICE vehicles is included. These benefi ts will be captured in the model as a reduction in parasitic losses. A combination of technologies that could improve ICE combustion efficiency by about 6% and reduce parasitic losses by almost 60% by 2035 is assumed.
Transmissions will continue to improve between now and 2035. Six-speed transmissions are already common. There is a potential to replace these with eight-and nine-speed transmissions. This allows the engine to run close to its maximum efficiency point more of the time. Improved lubrication and design will also reduce friction losses in the transmission. Overall drive train effi ciency could improve by about 9% between now and 2035. 4 
Hybrid electric vehicles
The effi ciency of ICE powertrains can be further increased through hybridization. HEVs combine an ICE with an electric motor and an energy storage system. All of the energy still comes from fuel stored on the vehicle, but the EI of the powertrain is reduced through a number of mechanisms. In addition to the benefits of start-stop systems and electrified auxiliary components, hybrid systems allow the engine to spend more of its operating time at its highest effi ciency point. This increases the effi ciency of the engine and reduces parasitic losses. Because the electric motor can provide power to meet peak demand, it is also possible to downsize the engine. This further reduces friction and pumping losses. Finally, hybridization allows a significant fraction of energy normally lost in during braking to be captured.
There is uncertainty in the literature as to the benefit of hybridization over nonhybridized ICEs. A paper by Saxena et al. shows engine efficiency improvements ranging from 16% to 30% depending upon the cycle. 41 Ahman predicts future HEV engine effi ciency to be 38% better than that of an ICE. 42 Cuddy and Wipke show improvement in efficiency ranges from 40% to 55% percent for current technology. 43 The 2013 National Research Council study used a model by Ricardo that estimated an 18-33% improvement between ICEs and HEVs in 2025. 4 The literature reports variable estimates on this improvement potential. A 25% reduction in prime-mover effi ciency and about a 50% reduction in parasitic losses will be used.
Previously, the theoretical case of perfect recuperation was studied; next, the more realistic estimate of regenerative energy recovery potential is examined. First, the tractive EI and braking EI of a vehicle driving the U.S. highway and urban combined cycles can be estimated. From these, the ratio of braking energy to tractive energy required for a vehicle can be estimated. This ratio depends upon the vehicle's rolling resistance, mass, and C d A . It ranges from about 22% for small, aerodynamic vehicles with low rolling-resistance tires to about 43% for larger, less aerodynamic vehicles. 22 This represents the fraction of tractive energy that could be offset by regenerative breaking. Realistically, regenerative braking systems have a round-trip efficiency of only about 60%. 23 Therefore, a realistic estimate of the fraction of tractive energy that can be offset is in the range of 13-26%.
In sum, ICE light-duty vehicles have the potential to reach an average EI of about 0.436 kW h/km (47.5 mpg) without hybridization and 0.289 kW h/km (71.7 mpg) with hybridization by 2035. These values are shown as the lines marked "ICE" and "HEV" in Fig. 1 . These values are low, but not low enough to meet 2050 GHG emissions targets if these vehicles are operated on gasoline.
Fuel cell electric vehicles
Fuel cell vehicles are electric vehicles that generate their electricity from hydrogen stored on board the vehicle using a fuel cell. A fuel cell is an electrochemical device that converts fuel directly to electricity. In automotive applications, these are proton exchange membrane (PEM) fuel cells. In a PEM fuel cell, hydrogen fuel fl ows past an electrode on one side of the PEM, and air moves past an electrode on the other side of the membrane. Catalysts in each electrode split the hydrogen molecules into protons and electrons and the oxygen molecules into individual atoms. The PEM allows the protons from the hydrogen side to pass through the membrane to the oxygen side, but does not allow the electrons to pass. On the oxygen side of the membrane, each oxygen atom combines with two protons and two electrons to form water. Because the electrons cannot pass through the membrane, they move through a circuit from the hydrogen electrode to the oxygen electrode, generating electricity.
Compared to ICEs, fuel cells are very efficient. Vehicles in the DOE's hydrogen fuel cell learning demonstration had typical fuel cell systems effi ciencies of about 56%. 44 In addition to high effi ciency, they have the advantage of no tailpipe emissions other than water, a relatively large driving range between refi lls, and fast refi ll times. 45 First-generation fuel cells were expensive and did not have the lifetimes expected of commercial automotive powertrain components. Both affordability and lifespan have improved considerably in the later-generation fuel cells, but these factors are still barriers to market adoption. Although it is possible to make further increases in system effi ciency between now and 2035, it is likely that most improvement efforts will focus on cost reduction and increased life.
A system effi ciency of 56% will be used as the prime-mover efficiency. This is the fuel cell system-level efficiency, so it already takes into account parasitic losses due to moving parts in the system. For this reason, 0 is used for parasite losses in the simplifi ed model. FCEV powertrains combine a fuel cell with a high-voltage battery to recover regenerative braking energy and help smooth out power demands. Because of this, the same 60% regeneration
// e 8 // www.mrs.org/energy-sustainability-journal round-trip effi ciency factor is used as was used for HEVs. Power is delivered to the wheels by an electric motor. The effi ciency of an electric motor system peaks at 95-96% and goes down to lows in the mid-80%. 4 , 24 , 46 , 47 A value of 90% is used as a reasonable average value, which provides an EI estimate of 0.221 kW h/km [93.6 miles per gallon gasoline equivalent (mpgge)]. This value is shown by the line marked "FCEV" in Fig. 1 .
Battery electric vehicles
BEVs have the highest prime-mover effi ciency. In the case of BEVs, the prime mover efficiency is the round-trip chargedischarge efficiency of the battery. Compared to other primemover efficiencies, this is very high. The target round-trip efficiency for automotive batteries is 90% or greater. 48 This value will be used for prime-mover effi ciency, which provides an estimated EI of 0.138 kW h/km (150.4 mpgge). This is shown as the line marked "BEV" on Fig. 1 .
The principal shortcomings of BEVs are the low energy density of the batteries and the long recharge times. Because of this, the distance they can drive on a single battery charge is considerably less than that possible on a typical tank of gasoline. Thus, even with a large penetration of electric vehicles, it will be difficult to electrify all of the VKT. Most vehicle trips are short enough that electric vehicles have sufficient range to make these trips, even with current battery energy densities. Although short trips account for most of the trips taken, long trips account for a disproportionate fraction of the kilometers traveled, and the range of BEVs is not suffi cient for these trips.
For most drivers, there will be a number of trips that the BEV cannot make on a single charge. Presumably, these additional trips will still be taken, just not in an electric vehicle. This sets up a tension in electric vehicle drivers. If batteries are small, they are cheap, but will electrify fewer of the driver's trip needs. As batteries get bigger, they will electrify more of the driver's trips, but at a higher marginal cost. These two competing effects likely will limit the total kilometers driven that can be electrified. This effect is mitigated somewhat with plug-in HEVs. With these vehicles, the range limitations will not be a problem, but there will still be a limit to the number of miles that are electrified. 49 The assumed vehicle parameters and estimated EIs for the four drivetrains assessed, as well as the baseline vehicle assumptions, are given in Table 1 . Figure 4 shows the breakdown of EI for these vehicles. In this fi gure, the engine losses include losses due to prime-mover ineffi ciency and parasitic losses. Energy at the wheels is the traction energy required minus energy recovered from regenerative breaking. Driveline losses are losses due either to transmission or electric motor ineffi ciencies.
Decrease the carbon intensity of the energy source
The second kind of action can include actions that reduce the CI of the energy sources used for transportation. For each of the potential EIs shown in Fig. 1 , the point where they cross the 2050 GHG target can be calculated to get an upper limit on the acceptable CI for each power source. These are compared to the CIs of energy sources currently used to look at the potential for those energy sources to reduce CI enough to hit 2050 GHG targets. CIs of various energy sources for transportation are reviewed in a number of Refs. 4 , 17 , 50 , 51 . Three possible energy carriers will work on board vehicles: electricity, hydrogen, and carbon-based fuels. Each of these energy carriers can be produced from multiple energy sources.
Biofuels
First, energy sources for ICEs and HEVs are examined. Currently, these vehicles are fueled with gasoline that has a CI of 332 g CO 2 /kW h. 4 Projections for 2035 EI for ICE lightduty vehicles are 0.436 kW h/km without hybridization and 0.289 kW h/km with hybridization. Based on these numbers, the United States will require between 55 and 83 billion gge a year. The United States consumption in 2014 was 137 billion gallons of gasoline. 52 Although this is a signifi cant reduction, it is not enough to meet an 80% reduction in GHG emissions. To meet 2050 GHG targets, the CI of the fuel will have to be less than 109 g CO 2 /kW h for ICEs and 164 g CO 2 /kW h for HEVs. Presumably this reduction in CI will be met through the use of biofuels.
If it is assumed that some significant fraction of the transportation energy continues to be provided by gasoline, it is useful to know the fraction of the energy that will have to be displaced by biofuels to meet this goal. Clearly this depends upon the CI of the biofuel.
It should be noted that it is diffi cult to assess the CI of biofuels. With biofuels, it is assumed that some fraction of the tail-pipe carbon emissions and upstream process emissions are offset by absorption of CO 2 by the feedstock used to produce the fuel. This requires careful accounting. The widely accepted methodology for this is life-cycle analysis, which is embodied in the GREET model. 53 However, there have been some questions posed in the literature as to whether or not this analysis correctly accounts for the carbon fi xing. 54 For a given CI of biofuels (CI b ), the fraction of biofuel ( f b ) needed to meet a CI target (CI T ) is given by:
where CI g is the CI of gasoline.
This is plotted for a CI target for ICEs and HEVs in Fig. 5 . The red line represents the fraction for ICEs, and the black line the fraction for HEVs. From this fi gure, it can be seen that even with a fl eet of very effi cient HEVs, more than half of the energy will have to come from low-carbon biofuels to meet GHG targets.
There is a lot of variation in the estimates of the CI of biofuel in the literature. Sources of this variation include differences in feedstock, production methods, and land use changes. For example, estimates of land-use-change contributions to CI range from 18 to 378 g/kW h for corn ethanol. 55 Variation in GHG emissions of corn ethanol production due to the type of processing plant ranges from 3% greater than gasoline to 52% less than gasoline on a per-unit energy basis. 56 Figure 4. Distribution of EI for the four drivetrains considered. Engine losses include losses due to prime-mover ineffi ciency and parasitic losses. Energy at the wheels is the traction energy required minus energy recovered from regenerative breaking. Driveline losses are losses due either to transmission or electric motor ineffi ciencies.
The National Research Council Transitions to Alternative
Vehicles and Fuels study estimates CIs for biofuel from 95 to 148 g CO 2 /kW h. 4 The Nguyen et al. WTW study used numbers consistent with 234 g/kW h for corn-grain ethanol and 54 g/kW h for cellulosic ethanol. 17 Using the value from Nguyen et al. for cellulosic ethanol, 60-80% of the fuel energy would have to come from cellulosic ethanol depending upon the degree of hybridization in the fleet. This comes to between 33 and 66 billion gge of cellulosic ethanol. Theoretical ethanol production yields per dry ton of feedstock are 113 gal/dry ton for corn stover and 96.7 gal/dry ton of switchgrass. 57 With these yields, the United States would need 0.41 to 0.96 billion tons of corn stover or 0.471 to 1.11 billion tons of switchgrass. In reality, there would be some combination of multiple feedstocks. Based on estimates of potential feedstock production capabilities, these yields look possible in the 2050 time frame. 58 -60 Hydrogen It is extremely unlikely that FCEVs will replace all light-duty vehicles by 2050. Nevertheless, it is instructive to ask how much hydrogen would be required if they did. Assuming an average EI of 0.221 kW h/km, the United States would require 42 billion kg of hydrogen fuel. An industry-based report from General Motors Corporation states that globally 40 billion kg of hydrogen are produced each year. 61 Although this is not suffi cient to meet all the light-duty transportation energy requirements, it does indicate that there is already a signifi cant market for the production of hydrogen. Because of this, there should be suffi cient infrastructure to produce enough hydrogen for transportation purposes during early market deployment of fuel cell vehicles. Furthermore, the processes and costs associated with this production are well known. The more signifi cant infrastructure problems are at the retail fueling level.
The CI of this hydrogen would have to be less than 214 g CO 2 /kW h. Today, virtually all hydrogen is produced by steam reformation of natural gas. The CI of hydrogen from this production pathway is 362 g CO 2 /kW h. 4 As with gasoline for ICEs, it should be assumed that much of the hydrogen would continue to be produced by this pathway. The fraction of renewable hydrogen that must be mixed in with hydrogen from natural gas to meet 2015 targets is then calculated ( Fig. 6 ) . The National Research Council report Transitions to Alternative Vehicles and Fuels estimated the CI of low-GHG hydrogen to be 77 g CO 2 /kW h. Nguyen, Ward, and Johnson's WTW study estimates the CI of hydrogen produced by wind at 85 g CO 2 /kW h. Assuming 77 g CO 2 /kW h for low-GHG hydrogen pathways, 53% of transportation hydrogen would have to be generated by low-GHG pathways.
An assessment of the hydrogen production-potential indicates that there are ample low-carbon domestic resources available to supply future FCEV markets. 62 
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Electricity
Based on this assessment of the EI potential for BEVs, the CI of electricity used for transportation purposes needs to be less than 345 g/kW h. The amount of electrical energy required to meet U.S. light-duty transportation needs in 2050 would be about 878 billion kW h. Compared to 2014 U.S. electrical generation of 4113 billion kW h, 63 this is substantial, but not impossible to meet.
Despite the relatively high CI value allowed by electrifi ed transportation, only a few places in the United States have electricity that falls below this value. 64 In 2012, the CI of electric generation in the United States ranged from less than 100 g/kW h in parts of the Pacifi c Northwest to well over 900 g/kW h in parts of the country that generate a large fraction of their electricity from coal.
For the most part, U.S. electricity is generated from one of three sources: coal, natural gas, and renewables/nuclear. Estimates of the CIs of these primary sources are 1000 g/kW h for coal, 470 g/kW h for natural gas, and an average 14 g/kW h for various renewable sources and nuclear sources. 51 Given these estimates, a simple three-element mixture model says that to meet the 345 g/kW h requirement, the fraction of electricity generated by renewables or nuclear must meet the following requirement:
where f R is the fraction of electricity from renewable or nuclear, f NG is the fraction of electrify from natural gas, and the fraction of electric from coal is f c = 1 − f R − f NG . This limit is shown on the solid line on the ternary mixture plot in Fig. 7 . On this plot, electrical generation above and to the right of the solid line meets the estimated 2050 CI requirements. The solid squares are the current generation mixes for all 50 states and the District of Columbia. For comparison, the 2014 U.S. electricity grid mix was 38.5% coal, 27.3% natural gas, 32.9% renewable and nuclear, and 1.4% other. 63 Although most states do not currently meet the 2050 requirement, there are vehicle technologies existing today that meet GHG emissions targets in at least some parts of the country; however, there are three problems. First, can the electric grid shift to a suffi cient mix of renewable energy by 2050? Second, will the market accept the transition to electric vehicle between now and 2050? This is unlikely as there are many barriers to deployment of electric vehicles. 65 Third, as discussed in some detail above-even if there are many BEVs, can suffi cient miles be electrifi ed by these BEVs?
More-effi cient transportation systems
So far, only vehicle improvements that result in a reduced EI and about alternative energy carriers that enable reduced CI have been discussed. These approaches look at either the vehicle or the energy system in isolation. Historically, this has been a fine approach for light-duty transportation. Until recently, light-duty transportation has consisted vehicles that operate independently with little or no interaction between vehicles and interaction with the energy supply system only during fueling; Figure 5 . Fraction of energy that must come from low-carbon biofuels. The red line is the fraction for ICEs, and the black line is for HEVs. however, vehicles and travelers are becoming increasingly connected. This convergence of information technology, vehicle technology, and distributed generation of renewable energy could dramatically change how the light-duty transportation system works. 66 There is a great deal of uncertainty about how information technology will impact trends in mobility. This uncertainty is refl ected in the wide range of energy impact estimates. Initial studies by researchers at the NREL and Oak Ridge National Laboratory attempt to bookend the possible energy effects of connected and autonomous vehicles. These studies fi nd that the energy effects could be anywhere from a 90% fuel savings to 150% increase in fuel use. 67 , 68 A Rand report for policy-makers about the impacts of autonomous vehicles estimates fuel economy would improve by 4-10%, but this will be offset by an increase the number of drivers, which will increase VKT. While the overall benefi t is uncertain, the author believes autonomous vehicles will result in a net reduction in energy use and emissions this result is uncertain. 69 An Organisation for Economic Co-operation and Development study assessment is that the likely impacts on mid-sized European cities are that the same mobility could be achieved with 10% of the vehicles and a 6% increase in VKT. 70 A California Air Resources Board report states "…climate impacts of AVs [autonomous vehicles] are, at this point, ambiguous." 71 Driver feedback can improve driving efficiency by 5-30%. 72 Autonomous taxis could reduce GHG emissions. 73 "Green routing" has the potential to save 3-5% with no changes to the vehicles, assuming drivers can be incentivized to take the lower-energy route. 74 Because of the large uncertainty, the impacts will not be estimated in this paper. Instead, the impacts connectivity could have on each of three aspects of GHG emissions will be considered: vehicle EI, CI of the transportation energy source, and VKT.
To discuss the impact of connectivity on the EI of vehicles, it is important first to distinguish between connectivity and automation. These two topics are often confl ated in the literature, but they are very different. Connectivity is the sharing of information among vehicles, travelers, and the infrastructure that supports them. Automation is the ability of vehicles to perform one or more functions without input from a driver. Vehicles and travelers are already highly connected, and this trend will continue. Vehicles with high levels of automation will most likely be highly connected, if for no other reason than virtually all cars in the future will be, but connected vehicles need not be autonomous.
Reduction of vehicle EI through connectivity or automation can only take the same forms already discussed: either by reducing the energy required at the wheels or reducing losses within the vehicles. Connected vehicles that have information about the various routes, traffi c conditions, signal timing, and other factors impacting energy use can select the route that minimizes energy required at the wheels. If the vehicle is also an HEV or plug-in HEV, the vehicle may also be able to match the
// e 8 // www.mrs.org/energy-sustainability-journal hybridization strategy to maximize the effi ciency of the powertrain over that route. This is known as "green routing." 74 Vehicles that are connected and autonomous can move in concert with each other, creating smoother traffi c fl ow and reducing the amount of acceleration and deceleration during driving. Similarly, interactions among vehicles, traffi c signals, and other infrastructure will optimize traffi c fl ow in urban areas. This reduces the energy required at the wheels for the same distance traveled.
There are a variety of ways that connected vehicles may reduce CI. Connectivity may enable the use of alternative energy for transportation. Connected vehicles will know the location of the nearest compatible charging or fueling station. This potentially reduces some of the barriers to market penetration of these vehicles. Assuming these alternative energy sources have lower CIs than gasoline enables the reduction of CI. Connected BEVs and plug-in HEVs can interact more directly with the electric grid. This may enable a deeper penetration of renewable electricity on the grid. Autonomous vehicles could self-drive to charging and fueling stations, returning fully charged when the driver needs them. This could increase the effectiveness of the charging and fueling infrastructure, delivering the same benefi ts with fewer stations.
Perhaps the greatest uncertainty associated with connected and autonomous vehicles is the impact these technologies will have on VKT. These technologies may make mobility more effective so that the same societal benefi t can be achieved with fewer VKT. For example, connectivity enables ride-and carsharing business models with the potential to increase vehicle occupancy and mobility effi ciency. It is also possible that these same technologies will remove barriers to transportation access that will increase the total number of kilometers driven. Presumably this would increase the mobility benefi t to society, but it would also increase transportation energy use and GHG emissions. Finally, with a fully autonomous vehicle, one can envision scenarios in which self-driving cars signifi cantly reduce the cost of time lost while driving. This could promote greater urban sprawl and signifi cant increases in VKT. These technologies also extend transportation opportunities to people who cannot drive today. This will also increase VKT. Within the context of this paper, technologies that increase VKT have the impact of reducing the allowable GHG emissions per unit distance driven. Estimates indicate that the potential improvement in ICE-based vehicles, even with hybridization, will not be suffi cient to meet these targets if these vehicles use gasoline as their energy source. To meet target GHG emission levels with ICEs, a significant fraction of the energy will have to be in the form of low net GHG biofuels. The percentage of biofuels required will depend upon the CI of the biofuels. Based on estimates of the CI for cellulosic ethanol, this percentage will be on the order of 53%. To meet the energy requirements for light-duty transportation in the United States, this will require between 33 and 78 billion gge of ethanol, depending upon the degree of hybridization in the U.S. fl eet. Although this is a signifi cant amount of biofuel, studies indicate that it is attainable.
Conclusions
Hydrogen fuel cell vehicles using hydrogen produced with natural gas also will not be able to meet this GHG target. To meet this target, 48% of the hydrogen used for transportation fuel would have to be produced from low-carbon renewable sources such as solar or wind.
BEVs already have very low EIs. In parts of the country that already generate a significant fraction of their energy from renewable or nuclear energy, these vehicles may already meet the 2050 GHG emissions targets. To meet the GHG requirement for light-duty transportation, the grid energy used can have no more than 30% generation from coal. Even with no coal in the generation mix, the percentage of generation from renewables or nuclear must be greater than 36%.
Finally, connected and autonomous vehicle technologies may create some opportunities to decrease EI or CI, but their greatest potential impact will be changed in VKT. These changes in VKT could dramatically change the target value for GHG emissions. These dramatic changes in VKT generally require a signifi cant number of autonomous vehicles. It remains to be seen how quickly these vehicles will enter the market. It should be pointed out that this does not change the basic conclusions of this paper. Even with current projections for VKT, the EI reduction potential is not sufficient to meet 2050 GHG targets. If VKT increases significantly over these projections, this continues to be true, and it will be even more important to find ways to use low-carbon energy sources for transportation. 
